In an attempt to control CaCO 3 deposits in industrial recycling water systems, the performance of acrylic acid (AA)-allylpolyethoxy carboxylate (APEL) copolymer as an economical and environmentally friendly inhibitor have been investigated by static experiments, scanning electron microscopy (SEM), X-ray diffraction (XRD), and thermogravimetric analysis (TGA). The experimental results revealed that AA-APEL (acrylic acid-allylpolyethoxy carboxylate copolymer) achieved the maximum scaling inhibition efficiency of 99.1%. The results of SEM and XRD studies revealed that both the morphology and aggregation of calcium carbonate crystals had been changed, when the inhibitor was added.
INTRODUCTION
For environmental and economic reasons, a greater number of cycles for industrial water should be used. However, this cannot be realized without development of scale control methods (Ling et The most common and effective method of scale control is the use of chemical additives as scale inhibitors that retard or prevent scale formation even in very small concentrations (Zhang et al. ) . At present, amino trimethylene phosphonic acid (ATMP) and 2-phosphonobutane-1,2,4-tricarboxylic acid (PBTCA) are well-known scale inhibitors in cooling water systems. Although the nitrogen-and phosphorus-containing scale inhibitors are highly efficient, their use is limited because these compounds are nutrients for algae, which has the potential to ruin the environment (Koelmans et al. ) . Under the pressure of worsening global ecological and environmental problems, the concept of 'Green Chemistry' was proposed and green scale inhibitors became a focus of water treatment technology.
In recent years, no-phosphorus copolymers have attracted great interest, both in industry and in academia.
Polycarboxylates such as polyacrylic acid (PAA), polymaleic acid (PMA) and polyepoxysuccinic acid (PESA) are environmentally benign inhibitors. But they will react with calcium ions to form insoluble calcium-polymer salts, so they have a low calcium tolerance (Wang et al. ) . Thus, novel scale inhibitors should be further developed to offer a high calcium tolerance and should be environmentally acceptable water additives.
In the present work, a polyether-type scale inhibitor, double hydrophilic block copolymer acrylic acid-allylpolyethoxy carboxylate (AA-APEL) was synthesized. In comparison with traditional scale inhibitors, AA-APEL derived from capped polyether is easily prepared with nontoxic, biodegradable, lower cost, reliable reproducibility and lower dosages, and has superior scale inhibitive performances. In addition, AA-APEL is an environmentally friendly scale inhibitor, only containing the three elements of carbon (C), hydrogen (H), and oxygen (O), and is free of phosphorus (P) and nitrogen (N). 
EXPERIMENTAL SECTION

Synthesis of AA-APEL
A five-neck round bottom flask, equipped with a thermometer and a magnetic stirrer, was charged with 100 mL distilled water and 0.1 mol APEL and heated to 65 W C with stirring under a nitrogen atmosphere. After that, 1.0 mol AA in 16 mL distilled water (the mole ratio of APEL and AA was 1:10) and the initiator solution (0.5 g ammonium persulfate in 15 mL distilled water) were added separately at constant flow rates over a period of 2.0 h. The reaction was then heated to 75 W C and maintained at this temperature for an additional 1.5 h, ultimately affording an aqueous copolymer solution containing approximately 30% solid.
The synthesis of AA-APEL is given in Figure 2 .
Precipitation conditions
All precipitation experiments were carried out in flask tests and the inhibitor dosages given below are on a dry-inhibitor basis. Tests of the inhibitor were carried out using supersaturated solutions of CaCO 3 at 60 W C. The solutions were prepared by dissolving in distilled water reagent grade CaCl 2 and NaHCO 3 (Zhongdong Chemical Reagent Co.).
Each inhibition test was carried out in a flask of 500 mL immersed in a temperature-controlled bath for 10 h. Precipitation of CaCO 3 was monitored by analyzing aliquots of the filtered (0.22 μm) solution for Ca 2þ ions using EDTA complexometry as specified in code GB/T 15452-2009.
Inhibitor efficiency was calculated from the following equation:
where [Ca 2þ ] final is the concentration of Ca 2þ ions in the filtrate in the presence of the inhibitor after calcium carbonate supersaturated solutions were heated for 10.0 h at 60 W C, Taking Table 1 into account, it can be concluded that the studied copolymer AA-APEL not only solves the water eutrophication problems caused by phosphorus but also has significant inhibition efficiency in cooling water systems.
Influence of solution property on CaCO 3 inhibition
Solution properties have a great influence on the precipi- 
Characterization of calcium carbonate scale
The scanning electron microscope (SEM) images for collected CaCO 3 particles with and without inhibitors are shown in Figure 5 . Compared with the two images, both In contrast, when the scale inhibitor was added into the sample, the CaCO 3 crystals lost their sharp edges, and the morphology was modified from rhombohedron forms to an irregular spherical with relatively loose accumulation. The irregular spherical CaCO 3 particle diameters were 0.5-2 μm.
The major components of the scale inhibitor were PAA and PEG. During CaCO 3 crystal growth, the PAA and PEG groups could affect the scale inhibition efficiency by occupying the active sites on the surface of the CaCO 3 crystals and changing the extent of chemical bonding with the surface.
In addition, the PEG group and ÀCOOÀ group had a high chelating ability toward calcium ions to form stable chelation compounds. These would interfere with the nucleation and growth of CaCO 3 crystals so that the crystals became irregular. The distortion in the CaCO 3 crystals increased their internal stress, which would lead to crystal fractures and inhibition of the deposition of microcrystals.
Previous studies suggested that vaterite could be more thermodynamically stable than calcite at certain temperatures or in the presence of some inhibitors (Kralj et al. ) . Thus it was illustrated that the vaterite possessed higher thermodynamic stability than calcite in the presence of the scale inhibitor. Because vaterite has a higher solubility product and free energy than calcite, the scale was easy to dissolve and can be washed away by water.
In order to further investigate calcium carbonate crystals, the XRD was measured (Figure 6 ). In the absence of a copolymer, only sharp calcite reflections appeared, which coincides with the structure of the calcite crystal standard substance (Figure 6(a) ). This suggested that the morphology of calcium carbonate was mainly a component of calcite. However, when the novel copolymer inhibitor Evaluation of the thermal stability of the CaCO 3 scale particles produced in the solution in the absence and presence of AA-APEL copolymer suggest that the copolymer existed in the calcium carbonate crystals. The copolymer embedded in the crystal to modify the crystal structure and prevent the formation of dense, well-shaped, strongly adherent particles.
